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INTRODUCTION
In the simplest case of a body-centered cubic crystal composed of like atoms the 001, Oil, and 111 faces will possess different surface properties due to differences in the packing densities of the atoms on the respective faces. Markedly accentuated surface heterogeneities are characteristic of crystals composed of organic molecules by virtue of variations in the spatial arrangements of polar functional groups along the crystallographic faces.
Experimental evidence shows (Hef 1) that hydrophilic (polar) heterogeneities are responsible for the adsorption of water. Surfaces which are homopolar, or nearly so, and exhibit practically no electrostatic force field, are found experimentally to be hydrophobic and give rise to Type III isotherm behavior with water. In these cases there is no contribution to adsorption forces from dipole attractions or polarization of th? adsorbate, and the only major attraction arises from dispersion forces. Dispersion forces alone are not sufficient to give rise to a normal monolayer coverage with subsequent multilayer formation, in the case of water vapor at room temperature on homopolar surfaces.
Physical adsorption of wat-^r vapor could be restricted to the vicinity of polar sites even at relatively high pressures. Adsorption is initiated on the surface polar site and probably proceeds by building up clusters of adsorbed molecules around these sites via mutual interactions of the water dipoles. Thus, even at pressures approaching saturation, those portions of the surface that are devoid of heteropolar characteristics would be bare of adsorbed water molecules. This is supported by the fact that in such cases sufficient water vapor for complete monolayer coverage cannot be adsorbed, even at relative pressures close to saturation on surfaces with few polar sites. For such heterogeneous surfaces, the isotherms obtained are predominantly Type III, except for an initial rise in the curves, suggestive of Type II, which is attributed to adsorption at the relatively few hydrophilic sites.
On the assumption that the water adsorbs only on hydrophilic or polar sites, the ratio of the volume of water adsorbed at monolayer coverage to the surface area of the substrate can be used to characterize the heterogeneity of surfaces before and after various treatments. The surface may be characterized further by determining thermodynamic functions such as free surface energies, and enthalpies and entropies of water adsorption. Isosteric heats calculated from the water adsorption isotherms could indicate if the hydrophilic sites are of equal energies. Entropies derived from the heats of adsorption may give some insight into the mobility of the adsorbed surface film.
Surface heterogeneities may play a critical role in the observed properties of materials. For example, though little of the surface is covered by adsorbed water molecules, the presence of these few molecules is sufficient to prevent the rapid wear of carbon brushes in electric motors and to allow the use of graphite as a lubricant.
Because of their presumably high degree of surface heterogeneity, and in some cases open structure, organic explosives are expected to exhibit relatively strong interaction with water. Since water vapor is the major constituent adsorbed at ambient temperature from the atmosphere to which these explosives are exposed, the relationship of the presence of this water to the bulk properties could be of significant importance. Accordingly, a study was undertaken to determine the water adsorption properties of octahydro-l,3,5,7-tetranitro-s-tetrazine (HMX) 
where S is the specific surface in sq cm of the adsorbent, p is its density, and d is the average particle diameter.
Fine-particle-size HMX-I(ß) of 21 microns diameter (2 = 0.15 m 2 /g) was prepared by adding a solution of 5 g HMX in 48 cc dimethylsulfoxide (DMSO) to a mixture of 120 cc absolute ethanol and 6 cc acetone. The precipitate was stirred 10 minutes, filtered, washed with absolute ethanol, and air dried.
O Ultrafine-particle-size (powder) HMX-I(/3) of 1 micron diameier (X ■ 2.8 m 2 /g) was prepared by grinding beta-HMX with mortar and pestle.
Fine-particle-size HMX-III(y) of 16 microns diameter (2 = 0.2 m 2 /g) was prepared by recrystallization from 50% aqueous acetic acid as described in Reference 4.
Ultrafine-particle-size (powder) HMX-IIKy) of 1 micron diameter (2 = 2.8 m 2 /g) was prepared by adding a 1:4 solution of HMX:DMSO to rapidly agitated cold water. The volumes of solution and precipitation medium were in the ratio of 1:10. The precipitate was filtered rapidly, washed with small portions of cold water, and spread on filter paper to air-dry.
In all cases the identity of the polymorphs was made by infrared and checked by X-ray analysis. The crystalline character of fine particle gamma, and ground beta-HMX was established by X-ray analysis.
Adtorbotas
Water: Distilled water was redistilled from alkaline permanganate and sulfuric acid, followed by a third redistillation. The water was finally degassed by freezethawing under vacuum.
Gases: Nitrogen, helium, krypton, and argon were of high purity Baker's reagent grade.
Adsorption Measurements
In preparation for adsorption measurements, fine and ultrafine beta-HMX required 24 hours, and gamma-HMX powder 4 weeks, of outgassing at ambient temperatures. The completion of outgassing was checked by observing any pressure rise in a closed system at the end of a two-hour interval. Water adsorption measurements were made with a modified Orr apparatus (Ref 6), adjusted with an Apiezon B oil-filled manometer. In the sorption experiments on gamma-HMX, equilibrium pressures were based on three successive readings of constant value within one hour. To obtain a sorption point, approximately three hours were required. With beta-HMX, however, equilibrium pressures were reached in less than ten minutes, although actual readings were recorded at the end of one hour.
All of the observed adsorptions were found to be completely reversible. The adsorption isotherm of water on the glass of the sample system was within the experimental error involved in the adsorption measurements and was therefore ignored. .1
Calculations of Thermodynamics of Water Adsorption

Isosteric (or differential) heats of adsorption, H G -1T
RESULTS
Large-particle gamma-and alpha-HMX could not be degassed completely of occluded solvents, even at temperatures as high as 110° under vacuum. Continued degassing under these conditions resulted in incipient decomposition, as indicated by mass spectral analysis. The sorption points, which required a minimum of 16 hours for equilibrium pressures to be attained, were determined from both partially degassed samples. These points, which are plotted in Figure 1 (p 16) , show that water sorbs into the crystal structure. The action of grinding these samples resulted in conversions to mixtures of polymorphs. Because of these complications and impractical time factors involved in degassing and attaining equilibrium pressures, no further work was done with fine-particle alpha-and gamma-HMX. Plots of these data in terms of a Gibbs adsorption isotherm, p/v versus p, for the respective samples are shown in Figures 6 and 7 (pp 21 and 22) . The shape of each curve depends on the shape of the corresponding isotherm produced in Figures 2 and 3 . The area beneath the curve is integrated along the abscissa; the greater the displacement of the curve from the abscissa, the greater is the lowering of the free surface energy. For any particular sample of HMX the change in the free surface energy by the adsorption of water is shown to increase as the temperature is decreased. The isosteric (differential) and integral heat values calculated from the isothermal data at two temperatures are plotted as a function of the specific volume of adsorbed water in Figures 11 and 12 (pp 26 and 27) . The error limits of the calculated points of these and all subsequent figures represent the maximum probable error as estimated from the maximum deviations of the isothermal adsorption values. Because of the difficulties encountered in the preparation of samples in widely varied particle size, the original plan to study the thermodynamics of water adsorption by the polymorphs of HMX as a function of particle size was abandoned. The only polymorph that was prepared in two wide'y different particle sizes, subject to such a study, was beta-HMX. But this coulo only be accomplished mechanically, thereby introducing the added variable of the effect of grinding action on the surface of the crystalline substrate.
In this case, the factor of particle size effect is not favored, based on the general theory of solids, substantiated by electron photomicrographs which indicate that fine crystals (< 40 microns) do not exhibit cracks such as may be found in large crystals (Ref 13). The fine-particle beta-HMX crystals ("20 microns) and ultrafine beta-HMX powder ( -1 micron) which was shown by X-ray analysis to be crystalline in character would not be expected to show any differences in the crystalline order of their surfaces based solely on particle size in this low range. Therefore, any difference in surface structure of these samples would be due predominantly to the action of grinding by which the ultrafine crystalline powder is formed. Grinding could conceivably result in a disturbed layer, cracks, or reduced crystalline order at the surface of the subdivided particles. Figure 17 (p 31) . The ends have freely exposed hydrophilic nitro groups, whereas the nitro groups in the lateral planes are somewhat shielded by methylene hydrogens. One can consider the electrostatic force field of attraction exerted by the nitro oxygens to be reduced by the methylene hydrogens in close proximity, and therefore to present a hydrophobic plane. In the multiple stackings of the unit cell even the terminal nitro groups fall in the shielded pattern. This would explain the essentially hydrophobic character of beta-HMX. Consistent with this interpretation is the fact that the change in free surface energy of beta-HMX by the adsorption of water is approximately 25 ergs/cm 2 . As such, beta-HMX is accurately described as possessing a low-energy surface. Therefore, the limited quantity of water that is adsorbed presumably can take place only at sites where the nitro oxygens are freely exposed at crevices, edges, or cracks on the surface. Grinding is shown to increase these exposures only by a factor of 1.5 with a concurrent 20-fold increase in surface area.
A Fisher model of a unit cell of beta-HMX is shown in
Thus, in the ensuing discussion the observed differences in the thermodynamics of water adsorption by the surfaces of these two samples of beta-HMX are attributed to the grinding action alone and the appropriate differentiation is made, g-and ug-HMX.
• The adsorption of water vapor is restricted to polar sites and not to homopolar areas of uniform energies (Ref 9). Surfaces which are, in the major part, homopolar exhibit very little electrostatic force field and are found experimentally to be hydrophobic, giving rise to Type III isotherm behavior with water. Since the isotherms shown in Figure 3 The variations of n with temperature and pressure by the adsorption of water on g-and ug-HMX are as expected for heterogeneous surfaces. An initial sharp rise, followed by a monotonic increase in w-change with increasing pressure, is more pronounced at the lower temperature. However, the n of beta-HMX is markedly reduced by the grinding action, which increases the area of the particles from 0.15 to 2. bonding is less at the first and even second layer coverages, adsorbate interaction is expectedly less than in the three-dimensional liquid phase. Because of the strong adsorbate-adsorbent interaction unimpaired by repulsive forces in the g-HMX/l^O system, the heat of adsorption, AH a , is higher than the M L and clustering in isolated patches is readily attained, where AH« = HL-The closer the /\H a is to 11^ the greater is the probability of finding complete two-dimensional translation freedom of the adsorbate at the surface. At higher coverages the substrate of both samples has less effect on the differential and integral heats as all curves tend to converge. Of t'i e two samples, the ug-HMX surface, which shows the greater decrease in n with adsorption, also shows the least order of adsorbed water. The integral entropy is well above the entropy of water in the liquid phase. This water, being highly entropic, is almost gaslike in mobility. In the vicinity of v m , the entropy of the adsorbed water is, oddly enough, at a maximum for the reason cited above for the heat of adsorption being at a minimum, i.e., due to a strong repulsive force field.
At v_ coverage of g-HMX the water is indicated to be almost ice-like due to the postulated unhindered interaction with the isolated hydrophilic sites. With continued coverage confined to these isolated patches, the entropic nature of the adsorbed water becomes more liquid-like, although it is still considerably less mobile than it is in the case of ug-HMX.
CONCLUSIONS
Based on the thermodynamics of water adsorption, the surface properties of an organic secondary explosive have been characterized for the first time. The polar nature, the degree of heterogeneity, and distribution of energy sites of beta-HMX have been elucidated. In addition, the manner in which these surface properties change with grinding has been revealed. 
